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(57) The object of the invention is to provide a cata- 
lyst for reducing nitrogen oxides (NOx) in exhaust 
gases, and a NOx reduction process using this catalyst. 
The NOx reducing catalyst according to the present 
invention comprises BEA zeolite which is ion- 
exchanged with Co to have a Co/AI ratio between 0.2 
and 0.6 and is loaded with at least one metal selected 
from among Ca, Sr, Ba, La, Mn, Ag, In, and Ni. The NOx 
reduction process according to the present invention 
comprises using the catalyst of the present invention. 
The catalyst of this invention provides high activity and 
durability at low temperature in an actual exhaust gas 
containing water vapor and other substances disturbing 
catalytic activity. In addition, the second metal added to 
the catalyst moderately enhances the oxidation activity 
at low temperature, and promotes NOx adsorption on 
the catalyst, increases NOx reduction selectivity. 
Accordingly, it is possible to attain high NOx conversion 
at even lower temperature and at low NOx and hydro- 
carbon concentration. 
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Description 

The present invention relates to a catalyst for reducing nitrogen oxides in exhaust gas, more particularly to a cata- 
lyst for reducing nitrogen oxides by hydrocarbons in oxygen-rich exhaust gas, and to a process for reducing nitrogen 
s oxides in exhaust gas, more particularly in exhaust gas containing hydrocarbons and an excessive amount of oxygen. 

As a process for removing nitrogen oxides (hereinafter referred to as NOx) from oxygen-rich exhaust gas, ammonia 
denitration has been put to practical use. However, this process cannot be applied to small combustors because of two 
reasons: firstly it requires an ammonia source, and secondly slip of excess ammonia can cause a secondary environ- 
mental pollution problem. 

10 It has been found recently, as is disclosed in Japanese Patent Provisional Publication No. 63-100919, that NOx can 
selectively be reduced by hydrocarbons on a zeolite catalyst ion-exchanged with Cu or the like metal. 

However, when hydrocarbons as the reducing agent has four or smaller number of carbons, this catalyst provides 
low selectivity (molar ratio of hydrocarbons used in NOx reduction to consumed hydrocarbons), and therefore low NOx 
conversion, in the presence of water vapor which is always contained in general exhaust gases. 

75 Armor, et al. reported ("Applied Catalysis B: Environmental," Vol. 1 , p. L31) that NOx can selectively be reduced by 
methane on Co ion-exchanged ZSM-5 MFI zeolite). However, it has been known that the catalyst is also deactivated to 
the level insufficient for practical use in the presence of water vapor. These problems of the conventional catalysts urged 
search for an improved catalyst which is active even in the presence of water vapor. 

As a solution to the above-mentioned problems, NOx reduction process using BEA zeolite ion-exchanged with Co 

20 (Co-BEA) as a catalyst is proposed in Italian Patent Application No. MI93A2337. 

The Co-BEA catalyst is improved substantially in the activity and durability at low temperature in an actual exhaust 
gas atmosphere containing water vapor etc. However, even this catalyst does not provide high NOx conversion when 
the exhaust gas temperature is lower than about 350°C, when NOx concentration in the exhaust is lower than about 1 00 
ppm, or when the amount of effective hydrocarbons for NOx reduction is quite small in the exhaust. Therefore, a catalyst 

25 with higher activity and higher selectivity at low temperature and low NOx concentration has been sought for. 

To meet the above-mentioned need, an object of the present invention is to provide a NOx reducing catalyst suffi- 
ciently active and durable at low temperature and low NOx and hydrocarbons concentrations even in exhaust gas con- 
taining water vapor and sulfur oxides (hereinafter referred to as SOx), etc., for use in reducing NOx in exhaust gases, 
such as those from natural gas combustion, which contain only small quantities of relatively light hydrocarbons. Another 

30 object of the invention is to provide a NOx reduction process using this catalyst. 

To solve the above-mentioned problems, the inventors made substantial researches and found the following fact: if 
BEA zeolite is ion-exchanged with Co to have a Co/A) ratio (molar ratio; hereinafter, the same) between 0.2 and 0.6 and 
is loaded with at least one metal selected from among Ca. Sr. Ba. La, Mn, Ag and In, the oxidation activity of the result- 
ant catalyst will be enhanced moderately in a low temperature range without deteriorating the selectivity for NOx reduc- 

35 tion, resulting increase in NOx reduction activity around 350°C. The inventors also found that, if the loading metal is 
selected from among Ca, Sr, Ba and Mn, NOx adsorption on the catalyst will be promoted, resulting in substantial 
increase in NOx conversion even at a low NOx concentration. Furthermore, the inventors found that, if BEA zeolite is 
ion-exchanged with Co and is loaded with Ni, the reaction for oxidizing hydrocarbons by oxygen will be suppressed, 
resulting in substantially improved selectivity for NOx reduction. The present invention has been made based on these 

40 findings. 

The catalyst according to this invention comprises BEA zeolite which is ion-exchanged with Co to have a Co/AI ratio 
between 0.2 and 0.6 and is loaded with at least one metal selected from among Ca, Sr. Ba, La. Mn, Ag, In, and Ni. The 
NOx reduction process according to the present invention comprises using this catalyst. 

The catalyst of the present invention uses BEA zeolite, which may be manufactured by any conventional hydrother- 

45 mal synthesis method using a template. An example of the synthesizing method is disclosed in U.S. Patent Publication 
No. 3308069. To secure crystalline stability and ion exchange capacity for Co, the Si0 2 /Al 2 0 3 ratio (molar ratio; herein- 
after, the same) of the BEA zeolite should preferably be between 10 and 100. If the ratio is higher than 100, the resultant 
catalyst will be short of Co content, resulting in insufficient catalytic activity for selective reduction of NOx. If the ratio is 
lower than 10, it will be difficult to obtain high-purity crystal. In addition. Co loaded by ion exchange on the zeolite will 

so aggregate, deteriorating the durability of the catalyst. To secure ion exchange with sufficient amount of Co as well as 
sustained Co dispersion, more preferable Si0 2 /Al 2 0 3 ratio is between 1 5 and 50. Part of Si and Al constituting the BEA 
zeolite framework may be substituted with Ti and B, respectively, insofar as ultimate Si0 2 /AJ 2 0 3 ratio is within the 
above-mentioned preferable range. 

For the catalyst of the present invention, BEA zeolite is ion-exchanged with Co so that the Co/AI ratio becomes 0.2 

55 to 0.6, and is further loaded with at least one metal selected from among Ca, Sr, Ba, La, Mn, Ag, In, and Ni. Whichever 
of ion exchange with Co or loading with a second metal may come first. They may be conducted simultaneously. The 
second metal may be loaded by ion exchange, impregnation or any other method, although it is preferable to conduct 
impregnation after fixation of Co ions. 
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The ion exchange with Co may be performed by any ordinary method. For example, proton-, sodium- or ammo- 
nium-form BEA zeolite is suspended in an aqueous solution in which water-soluble salt of Co, such as cobalt acetate 
or cobalt nitrate, is dissolved in a quantity equivalent to or somewhat larger than the ion exchange capacity. The zeolite 
is retained in the aqueous solution at temperature between ambient temperature and about 80°C, allowing ion 

s exchange with Co to take place for a duration of 1 hour to about 3 days. The resultant product is then washed with water, 
dried and calcined at 400 to 750°C. Since ion exchange takes place relatively easily on the BEA zeolite, it is preferable 
to use aqueous solution of as low concentration as possible and as low temperature as possible for the ion exchange; 
such conditions allow metal ions to be loaded completely on ion-exchange sites with no aggregation. When Co loading 
is insufficient, the ion exchange operation is repeated. 

10 The zeolite can be loaded with a second metal through ion exchange in aqueous solution of soluble salt of the sec- 
ond metal before or after ion exchange with Co. Alternatively, the zeolite can be ion-exchanged simultaneously with Co 
and a second metal in aqueous solution of Co and the second metal. In either method, however, since Co ions loaded 
by ion exchange on the zeolite can be dissolved again, it is difficult to control the exchange amount of Co ions. Most 
preferably, therefore, ion exchange with Co should be conducted first, followed by calcination to secure dispersion and 

is fixation of Co ions in the BEA zeolite, then the Co- BEA zeolite should be loaded with a second metal by impregnation. 
The second metal impregnation may be conducted by any ordinary method. For example, the ion-exchanged Co-BEA 
zeolite is suspended in aqueous solution in which specified quantity of soluble salt, such as nitrate or acetate, of a sec- 
ond metal is dissolved, and then water is evaporated. The Co-BEA zeolite may be formed as described later prior to the 
second metal impregnation. The catalyst of the present invention can be obtained by calcining the second-metal-loaded 

20 Co-BEA zeolite at 400 to 750°C. 

It is necessary that the Co/AI ratio in the product catalyst becomes 0.2 to 0.6. If the ratio is lower than 0.2, catalyst 
activity will be insufficient. If the ratio is higher than 0.6, Co ions fill micropores in the zeolite, deactivating the catalyst. 
In addition, Co tends to aggregate, deteriorating catalyst durability. 

The second metal loading should preferably be between 0.2 and 5 wt%, more preferably between 0.4 and 2 wt%, 

25 of the catalyst without binder etc. If the second metal loading is less than 0.2 wt%, the second metal will not be effective. 
If the loading exceeds 5 wt%, the second metal ions wilt aggregate, clogging micropores in the zeolite, thus deteriorat- 
ing the catalytic activity. 

The catalyst of the present invention may contain promoter or binder. The catalyst may be formed into pellet or hon- 
eycomb shape, or may be wash-coated on a refractory honeycomb support. 

30 The catalyst according to the present invention provides high activity and durability at low temperature in an actual 
exhaust gas atmosphere containing water vapor, due to the characteristics of Co-BEA zeolite. In addition, when the 
second metal is selected from among Ca, Sr, Ba, La, Mn, Ag, and In, the second metal enhances the oxidation activity 
to such an extent that does not impair the selectivity for NOx reduction, so that high NOx conversion is attained at still 
lower temperature. Furthermore, if the second metal is selected from among Ca, Sr, Ba and Mn, it promotes NOx 

35 adsorption on the catalyst surface, thereby allowing catalytic reaction to occur efficiently even in an atmosphere at low 
NOx concentration. Therefore, high NOx conversion can be achieved even under conditions of low temperature and low 
NOx concentration. On the other hand, when Ni is used as the second metal. Ni added to the zeolite suppresses oxi- 
dation activity of the catalyst, lowering the reaction rate of simple combustion of hydrocarbon by oxygen. Consequently, 
the catalyst has improved selectivity for NOx reduction and therefore provides high NOx conversion even in exhaust gas 

40 containing small quantities of hydrocarbons. 

The catalyst of the present invention may be loaded with two or more metals among these second metals, and in 
such a case, combined effects appear by different second metals. Even in this case, the loaded amount of the second 
metal is preferably 0.2 wt% or more for each metal, however, the total amount of the loaded second metals is preferably 
5wt% or less to avoid the clog of the micropore by agglomerated second metals. 

45 According to the NOx reduction process of the present invention, nitrogen oxides in exhaust gas containing hydro- 
carbons and an excessive amount of oxygen are selectively reduced, using hydrocarbons on a catalyst described 
above. That is, the process uses the catalyst comprising BEA zeolite which is ion-exchanged with Co to have a Co/AI 
ratio between 0.2 and 0.6, and is further loaded with at least one metal selected from among Ca. Sr, Ba, La, Mn, Ag, In 
and Ni. 

so According to the process of the present invention. NOx reduction is carried out by allowing the above-mentioned 
catalyst to contact exhaust gas containing NOx. hydrocarbons and an excessive amount of oxygen. The condition for 
this reduction process is not limited insofar as the process uses a catalyst consisting of BEA zeolite which is ion- 
exchanged with Co to have a Co/AI ratio between 0.2 and 0.6, and is further loaded with at least one metal selected 
from among Ca. Sr. Ba, La. Mn, Ag. In and Ni. The operating temperature is between 300 and 600°C. preferably 

55 between 350 and 500°C, and the gaseous hourly space velocity (GHSV) is between 2,000 and 100,000, preferably 
between 5.000 and 30,000. Operating temperature lower than 300°C will result in insufficient catalytic activity, and that 
higher than 600°C will cause early deterioration of the catalyst. The GHSV lower than 2,000 will result in high pressure 
loss, and that higher than 100,000 will result in poor NOx conversion. 



3 




EP 0 739 651 A1 



Hydrocarbons mentioned in the present invention refer to a wide variety of hydrocarbons, including olefins such as 
ethylene, and paraffins such as propane. Preferably, they are aliphatic hydrocarbons having two to five carbons. Aro- 
matic hydrocarbons are not preferable because the catalyst of the present invention has low activity for oxidizing hydro- 
carbons. Aliphatic hydrocarbons with about six or more carbons are not preferable either because they can hardly reach 

5 active sites deep in the micropores in the zeolite. It is difficult to obtain sufficient NOx conversion using methane due to 
its poor reactivity below 400°C. 

The NOx reduction process of the present invention is not limited in the NOx concentration of exhaust gas. Hydro- 
carbon concentration in terms of methane (THC) required for NOx reduction is normally 1/2 to 10 times the NOx con- 
centration. In other words, reduction of. for example, 10 to 5.000 ppm NOx requires 5 ppm to 5% hydrocarbons. If 

10 hydrocarbon content in exhaust gas is not sufficient, appropriate amount of hydrocarbons may be added to the exhaust 
gas to secure desired NOx conversion. 

The NOx reduction process of the present invention uses catalyst based on BEA zeolite which enables high reac- 
tant diffusion. This Co-BEA zeolite catalyst is loaded with a second metal which enhances the oxidation activity of the 
catalyst to such an extent that does not damage the selectivity for NOx reduction, when the second metal is selected 

75 from among Ca, Sr, Ba, La, Mn t Ag and In. Accordingly, with the process according to this invention, it is possible to 
attain high NOx conversion at a low temperature around 350°C. When the process uses Co-BEA catalyst loaded with 
a second metal selected from among Ca, Sr, Ba and Mn, NOx adsorption on the catalyst surface is promoted, so that 
catalytic reaction takes place efficiently even in an atmosphere at low NOx concentration. Therefore, high NOx conver- 
sion can be achieved under conditions of low temperature and low NOx concentration. On the other hand, when Ni is 

20 used as the second metal, high NOx conversion is attained even under the condition with low concentration of effective 
hydrocarbons, since the selectivity for NOx reduction is improved by Ni loading. 

If the oxygen concentration in exhaust gas is too low, oxidation of nitrogen monoxide, the first stage of reaction, 
does not occur. The oxygen concentration should preferably be 0.5% or higher, more preferably 3% or higher. The oxy- 
gen concentration has no upper limit. However, the oxygen concentration higher than that of air is not preferable 

25 because it can cause unexpected explosive combustion. 

Exhaust gas may also contain other components, such as H20, C02, CO, H2 and SOx. The NOx reduction proc- 
ess of the present invention is particularly suitable for use in exhaust gas containing substances, such as water and 
SOx. which are generally considered to hamper reaction for selective catalytic reduction by hydrocarbons. The process 
according to this invention is also suitable for reducing NOx in exhaust gas, such as those from natural gas combustion, 

30 in which 90% or more of hydrocarbons in terms of methane have four or smaller number of carbons. 

Since the NOx reduction process of the present invention uses hydrocarbons to reduce NOx, hydrocarbons in the 
exhaust gas are also removed, but CO is not removed. An oxidation catalyst may be provided downstream of the cata- 
lyst of the present invention as necessary, to oxidize remaining CO, hydrocarbons, etc. 

The present invention will be described in detail below with reference to examples. These examples are not 

35 intended to limit the scope of the present invention. 

Comparative Example 1 

BEA zeolite with Si0 2 /Al 2 0 3 ratio of 22.3 was prepared by the process disclosed in U.S. Patent Publication No. 
40 3308069. 250.14 g of this BEA zeolite (Na form) was suspended in 2 liters of 0.2 M cobalt acetate, to perform ion 
exchange for 5 hours at 60°C. After filtration and washing with water, the same ion exchange operation was repeated 
again. The resultant Co ion-exchanged zeolite was then washed with water, dried, and calcined for 12 hours in air at 
550°C. to obtain Co-BEA(1) catalyst. The Co content of this catalyst was 3.0 wt%, and the Co/AI ratio was 0.40. 

45 Comparative Example 2 

BEA zeolite (Na form) with Si0 2 /Al 2 0 3 ratio of 1 6.3 was prepared by the process disclosed in U.S. Patent Publica- 
tion No. 3308069. Co-BEA(2) catalyst was obtained from this zeolite by the same method as in Comparative Example 
1 , except that 15g of zeolite was suspended in 70 ml aqueous solution of 0.2 M cobalt acetate, and calcined for 5 hours. 
so The Co content of the resultant catalyst was 4.61 wt%, and the Co/AI ratio was 0.49. 

Example 1 

Ten grams of Co-BEA(1) catalyst obtained in Comparative Example 1 was added to 18 ml aqueous solution dis- 
ss solving 313 mg lanthanum nitrate (La(N03)3.6H20). The solution was dried at 120°C for 18 hours while being stirred 
occasionally, and was calcined for 5 hours in air at 550°C, to obtain La-Co-BEA catalyst. The La content of the resultant 
catalyst was 0.93 wt%, and the Co/AI ratio was 0.41 . 
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Example 2 

Ag-Co-BEA catalyst was obtained by the same method as in Example 1 , except that 1 0g of Co-BEA(1) catalyst was 
added to 18 ml aqueous solution dissolving 158 mg silver nitrate (AgN0 3 ). 

The Ag content of the resultant catalyst was 0.87 wt%, and the Co/A! ratio was 0.41 . 

Example 3 

In-Co-BEA catalyst was obtained by the same method as in Example 1 , except that lOg of Co-BEA(1) catalyst was 
added to 18 ml aqueous solution dissolving 355.7 mg indium nitrate (ln(N0 3 ) 3 ). The In content of the resultant catalyst 
was 1 .39wt%, and the Co/A! ratio was 0.40. 

Example 4 

Ca-Co-BEA catalyst was obtained by the same method as in Example 1 , except that 1 0g of Co-BEA(1 ) catalyst was 
added to 18 ml aqueous solution dissolving 612 mg calcium nitrate (Ca(N0 3 ) 2 .4H 2 0). The Ca content of the resultant 
catalyst was 1 .01 wt%, and the Co/AI ratio was 0.40. 

Example 5 

Sr-Co-BEA (1) catalyst was obtained by the same method as in Example 1 , except that 10 g of Co-BEA(1) catalyst 
was added to 18 ml aqueous solution dissolving 253 mg strontium nitrate (Sr(N0 3 )2). The Sr content of the resultant 
catalyst was 0.96 wt%, and the Co/AI ratio was 0.40. 

Example 6 

Ba-Co-BEA catalyst was obtained by the same method as in Example 1 t except that 10 g of Co-BEA(1) catalyst 
was added to 18 ml aqueous solution dissolving 196.7 mg barium nitrate (Ba(N0 3 ) 2 ). The Ba content of the resultant 
catalyst was 0.99 wt%, and the Co/AI ratio was 0.40. 

Example 7 

Mn-Co-BEA catalyst was obtained by the same method as in Example 1 , except that 10 g of Co-BEA(1) catalyst 
was added to 18 ml aqueous solution dissolving 461 .1 mg manganese acetate (Mn(CH 3 COO) 2 .4H 2 0). The Mn content 
of the resultant catalyst was 0.98 wt%, and the Co/AI ratio was 0.39. 

Example 8 

10.46,74 g of Co-BEA(1) catalyst obtained in Comparative Example 1 was added to 400 ml aqueous solution dis- 
solving 369.3 mg strontium nitrate (SrfNOs)^, and stirred for 4 hours at 50°C to perform ion exchange with Sr. The 
resultant solid was filtrated, washed with water, dried, and calcined in air at 550°C, to obtain Sr-Co-BEA (2) catalyst. 
The Sr content of this catalyst was 0.98 wt%, and the Co/AI ratio was 0.3. 

Example 9 

Ni-Co-BEA(I) catalyst was obtained by the same method as in Example 1, except that 10 g of Co-BEA(1) catalyst 
was added to 18 ml aqueous solution dissolving 389.7 mg nickel nitrate (Ni(N0 3 ) 2 .6H 2 0). The Ni content of the result- 
ant catalyst was 0.68 wt%. and the Co/AI ratio was 0.41 . 

Example 10 

Ni-Co-BEA(2) catalyst was obtained by the same method as in Example 1 , except that 6 g of Co-BEA(2) catalyst 
was added to 10 ml aqueous solution dissolving 333.3 mg nickel nitrate. The Ni content of the resultant catalyst was 
1 .20 wt%, and the Co/AI ratio was 0.49. 

Comparative Example 3 

MFI (ZSM-5) zeolite (ammonium form) with SiC>2/Ai 2 0 3 ratio of 50 was prepared by the process disclosed in British 
Patent Publication No. 1402981 . Thirty grams of this zeolite was suspended in 3 liters aqueous solution of 0.00582 M 



O 5 



EP 0 739 651 A1 

cobalt acetate, and tirred for 10 hours at 90°C, to perform ion exchange. After filtration and washing with water, the 
same ion exchange operation was repeated three times. The resultant Co ion-exchanged zeolite was then washed with 
water, dried, and calcined for 5 hours in air at 500°C, to obtain Co-MFl catalyst. 

From 6g of Co-MFl catalyst thus prepared. Ag-Co-MFI catalyst was obtained by the same method as in Example 
5 2, except that the zeolite was added to 1 0 ml aqueous solution dissolving 92.8 mg silver acetate (CH 3 COOAg), followed 
by evaporation of water at 80°C. The Ag content of the resultant catalyst was 0.99 wt%, and the Co/AI ratio was 0.53. 

Comparative Example 4 

10 Sr-Co-MFI catalyst was obtained by the same method as in Comparative Example 3, except that 6g of Co-MFl cat- 
alyst of Comparative Example 3 was added to 10 ml aqueous solution dissolving 147 mg strontium acetate 
(Sr(CH 3 COO)2.0.5H 2 O). The Sr content of the resultant catalyst was 1 .01 wt%, and the Co/AI ratio was 0.53. 

Comparative Example 5 

15 

Mn-Co-MFI catalyst was obtained by the same method as in Comparative Example 3. except that 6g of Co-MFl cat- 
alyst of Comparative Example 3 was added to 10 ml aqueous solution dissolving 267.7 mg manganese acetate 
(Mn(CH 3 COO) 2 .4H 2 0). The Mn content of the resultant catalyst was 1 .05 wt%, and the Co/AI ratio was 0.53. 

20 Comparative Example 6 

In-Co-MFI catalyst was obtained by the same method as in Comparative Example 3, except that 6g of Co-MFl cat- 
alyst of Comparative Example 3 was added to 10 ml aqueous solution dissolving 185.4 mg indium acetate 
(ln(N0 3 ) 3 .3H 2 0). The In content of the resultant catalyst was 1 .03 wt%, and the Co/AI ratio was 0.53. 

25 

Comparative Example 7 

Ni-Co-MFI catalyst was obtained by the same method as in Comparative Example 3, except that 6g of Co-MFl cat- 
alyst of Comparative Example 3 was added to 10 ml aqueous solution dissolving 254.4 mg nickel acetate 
30 (Ni(CH 3 COO) 2 .4H 2 0). The Ni content of the resultant catalyst was 1.05 wt%, the Co content was 1.9 wt%, and the 
Co/AI ratio was 0.53. 

Example 1 1 

35 Each of the catalysts obtained in Examples 1 through 10 and Comparative Examples 1 through 7 was formed into 
pellets, which were crushed and sieved to obtain 1 to 2 mm particles. The particles were then calcined for 9 hours in air 
at 500°C to prepare a sample. A stainless steel reaction tube (14 mm in inside diameter) was packed with 4 ml of this 
sample. Test gas of the composition given in Table 1 (Condition 1) was allowed to flow through this reaction tube at 1 
liter/min (GHSV = 15,000). and gas composition at the outlet of the reaction tube was measured by a chemilumines- 

40 cence NOx meter and a gas chromatograph. The same measurement was made using test gas of the same composi- 
tion as given in Table 1 except that NO » 150 ppm and C3H8 = 500 ppm (Condition 2), and using test gas of the same 
composition as given in Table 1 except that NO = 150 ppm and O^Hq = 250 ppm (Condition 3). 



Table 1 


NO = 500 ppm 


H 2 = 660 ppm 


C 3 H 8 = 1000 ppm 


C0 2 = 6 % 


o 2 = 10% 


H 2 0 = 9% 


CO = 1000 ppm 


He balance 



Table 2 gives the catalytic activity (NOx and propane conversions) of each catalyst. The NOx and propane conver- 
55 sions were calculated from the NOx and propane concentrations measured at the inlet and outlet of the reaction tube, 
using the following equations: 
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^ ^ , Outlet N 2 Cone, (ppm) x 2 

NOx Conv. (%) = i i i > s> , \ — x 100 

v ' Inlet NO Cone, (ppm) 

_ Inlet C 3 H a - Outlet C 3 H fi Cone, (ppm) 

C 3 H 8 Conv. (%)= , ,1 o u o / x x 100 

38 v ' Inlet C 3 H 8 Cone, (ppm) 



Table 2 



Condition 


Catalyst 


NOx Conversion (C3H 8 Conversion) (%) 






350°C 


400°C 


450°C 


500°C 


1 


Co-BEA(1) 


56.3(57.2) 


83.7(94.7) 


89.6(97.9) 


86.0(99.8) 




La-Co-BEA 


76.4(92.4) 


89.6(97.7) 


85.8(99.7) 


71.8(100) 




Ag-Co-BEA 


86.4(88.6) 


89.4(98.1) 


71.7(100) 


60.3(100) 




In-Co-BEA 


79.0(92.0) 


86.1(94.9) 


82.0(99.1) 


67.4(100) 




Sr-Co-BEA(2) 


75.0(95.6) 


89.9(98.1) 


87.4(99.6) 


73.7(100) 




Ni-Co-BEA(I) 


85.6(73.0) 


92.0(85.3) 


89.4(97.9) 


76.2(99.8) 




Co-BEA(2) 




64.8(99.0) 


33.9(100) 






Ni-Co-BEA(2) 


94.5(90.0) 


95.6(97.2) 


89.7(99.8) 


75.7(100) 




Ag-Co-MFI 


45.2(29.7) 


74.7(86.5) 


71.4(98.4) 


59.6(100) 




In-Co-MFI 


50.3(66.4) 


64.7(81.3) 


62.5(100) 


56.4(100) 




Ni-Co-MFI 


11.7(9.2) 


46.9(52.9) 


56.8(82.0) 


51.4(93.1.) 


2 


Co-BEA(1) 


34,8(60.1) 


69.5(78.7) 


70.8(84.6) 


74.5(97.0) 




Ca-Co-BEA 


73.0(89.8) 


84.0(96.2) 


79.0(100) 


63.3(100) 




Sr-Co-BEA(I) 


71.2(96.6) 


83.9(98.4) 


77.1(99.6) 


54.3(100) 




Ba-Co-BEA 


71.7(92.4) 


81.9(96.4) 


76.8(98.8) 


61.8(100) 




Sr-Co-BEA(2) 


78.0(86.2) 


81.0(83.8) 


80.2(96.4) 


69.9(100) 




Mn-Co-BEA 


77.0(82.0) 


84.4(95.4) 


78.5(99.4) 


63.7(100) 




Ni-Co-BEA(I) 


59.6(57.9) 


64.9(65.6) 


66.2(83.4) 


60.9(96.0) 




CO-BEA(2) 


32.8(88.9) 


71.0(98.7) 








Ni-Co-BEA(2) 


88.2(81 .4) 


89.1(97.6) 


79.2(100) 


61.9(100) 




Sr-Co-MFI 


34.7(83.6) 


57.8(98.4) 


61.3(79.3) 


52.6(100) 




Mn-Co-MFI 


17.9(40.6) 


38.7(91.8) 


36.5(100) 


30.0(100) 


3 


Ni-Co-BEA(2) 


69.7(78.8) 


75.2(98.4) 


63.1(100) 





As is shown in Table 2, the La-, Ag- and In-Co-BEA catalysts of the present invention provide higher NOx conver- 
sion than the corresponding Co-BEA(1) catalyst in a low temperature range from 350 to 400°C. As is also shown in this 
Table, the Ca-, Sr- f Ba- and Mn-Co-BEA catalysts of the present invention provide high NOx conversion in a tempera- 
ture range from 350 to 450°C under Condition 2 with low NOx concentration. With these catalysts, NOx adsorption on 
the catalyst surface is promoted, so that high NOx conversion can be achieved even at low NOx concentration. 

Furthermore, the Ni-Co-BEA(I) and Ni-Co-BEA(2) catalysts of the present invention provide higher NOx conver- 
sion than the corresponding Co-BEA(1) and Co-BEA(2) catalysts in a low temperature range from 350 to 400°C. In 
addition, under Condition 2 with low NOx and C^Hq concentrations, the catalyst of the present invention provides lower 
CjHe conversion and higher NOx conversion due to Ni loading; Ni enhances the selectivity for NOx reduction in a low 
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temperature range. Meanwhile, Co-MFI based catalysts are less active than Co-BEA based ones even if they are 
loaded with Ag, in, Sr, Mn, Ni or other second metal, because of the low activity and selectivity of Co-MFI zeolite. 

Comparative Example 8 

5 

BEA zeolite (Na form) with Si0 2 /Al 2 0 3 ratio of 1 7.5 was prepared by the process disclosed in U.S. Patent Publica- 
tion No. 3308069. Co-BEA(3) catalyst was obtained from this zeolite by the same method as in Comparative Example 
1, except that 150g of zeolite was suspended in 2 I aqueous solution dissolving 150g cobalt iacetate 
(Co(CH 3 COO)2.4H 2 0), and repeated the ion exchange procedure three times. The Co content of the resultant catalyst 
10 was 4.59 wt%, and the Co/A! ratio was 0.51 . 

Example 12 

Ni-Co-BEA(3) catalyst was obtained by the same method as in Example 1 . except that 10 g of Co-BEA(3) catalyst 
is was added to an aqueous solution dissolving 216 mg nickel acetate (Ni(CH3COO)2.4H20). The Ni content of the 
resultant catalyst was 0.483 wt%, and the Co/A! ratio was 0.52. 

Example 13 

20 Ni-Co-BEA(4) catalyst was obtained by the same method as in Example 1 , except that 50g of Co-BEA(3) catalyst 
was added to an aqueous solution dissolving 2.164 g nickel acetate. The Ni content of the resultant catalyst was 0.95 
wt%, and the Co/AI ratio was 0.51 . 

Example 14 

25 

Ni-Co-BEA(S) catalyst was obtained by the same method as in Example 1 , except that 1 0 g of Co-BEA(3) catalyst 
was added to an aqueous solution dissolving 874.3 mg nickel acetate. The Ni content of the resultant catalyst was 1 .87 
wt%, and the Co/AI ratio was 0.51 . 

30 Example 15 

In-Ni-Co-BEA catalyst was obtained by the same method as in Example 1 , except that 10 g of Ni-Co-BEA(4) cata- 
lyst was added to an aqueous solution dissolving 134.2 mg indium nitrate. The Ni content of the resultant catalyst was 
0.97 wt%, the In content was 0.49 wt%, and the Co/AI ratio was 0.52. 

35 

Example 16 

NOx reduction activity of each of the catalysts obtained in Examples 12 through 15 and Comparative Examples 8 
was measured by the same method as in Example 1 1 . The test gas composition was the condition 2. The results are 
40 shown in Table 3. 



Table 3 



Catalyst 


NOx Conversion (C3H8 Conversion) (%) 




350 °C 


400 °C 


450 °C 


500 °C 


Co-BEA(3) 


50.2(90.2) 


79.3(99.2) 


86.0(99.6) 


78.4(100) 


Ni-Co-BEA(3) 


61.5(72.2) 


89.7(90.6) 


90.2(93.0) 


82.5(99.0) 


Ni-Co-BEA(4) 


60.5(54.4) 


88.9(85.6) 


88.3(97.4) 


76.4(100) 


Ni-Co-BEA(S) 


49.9(33.4) 


85.1(66.0) 


88.3(91.2) 


79.3(99.4) 


In-Ni-Co-BEA 


62.4(63.8) 


90.1(88.0) 


90.4(94.8) 


80.9(100) 



55 

As is shown in Table 3, the Ni-Co-BEA(3) through (5) catalysts of the present invention provide higher NOx reduc- 
tion selectivity than the corresponding Co-BEA(1) catalyst at around 400°C. However, On Ni-Co-BEA(S). which con- 
tained large amount of Ni, NOx conversion at 350°C is almost same as on Co-BEA(3). suggesting that NOx conversion 
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might decrease at a low temperature under these conditions if Ni is loaded much more than Ni-Co-BEA(S). On the other 
hand, On In-Ni-Co-BEA, obtained by loading In on Ni-Co-BEA(4), the catalytic activity at low temperatures is increases 
compared to Ni-Co-BEA(4), showing combined effects of Ni and Co. 

5 Example 17 

Durability of Co-BEA(1) catalyst obtained in Comparative Example 1 and of Ni-Co-BEA(I) catalyst obtained in 
Example 9 was evaluated by the same method as in Example 1 1 , except that the test gas of the composition given in 
Table 4, simulating exhaust gas of a lean-burn natural gas engine, was allowed to flow continuously (GHSV = 15,000) 
10 through the reaction tube at 400°C. 



Table 4 



NO = 150 ppm 


H 2 = 250 ppm 


C 3 H 8 = 500 ppm 


C0 2 = 6% 


o 2 = 10% 


H 2 0 = 9% 


CH 4 e 1000 ppm 


S0 2 = 0.3 ppm 


CO = 500 ppm 


He balance 



Figure 1 shows the evaluation result for Ni-Co-BEA(I) catalyst. Even Co-BEA(1) catalyst stopped deteriorating and 
25 stabilized in activity after hundreds of hours into the evaluation test, and shows 50% C 3 H 8 conversion and 44% NOx 
conversion after 500 hours. By contrast Ni-Co-BEA(I) catalyst maintains 50% or higher NOx conversion for the period 
of 1 ,000 hours; obviously, NOx conversion exceeds C3H8 conversion due to Ni loading. Thus, the catalyst according to 
the present invention provides not only high initial catalytic activity but also high selectivity for NOx reduction and high 
durability in the presence of water vapor, SOx etc. 

30 

Example 18 

Ni-Co-BEA(6) catalyst was obtained by the same method as in Example 1, except that 1 10g of Co-BEA(3) catalyst 
was added to 2 I of aqueous solution dissolving 4.7789 g nickel acetate and dried at 1 00°C. The Ni content of the result- 
35 ant catalyst was 1 .87 wt%, and the Co/AJ ratio was 0.51 . 

Figure 2 shows the result of durability test for the obtained Ni-Co-BEA(6) catalyst in the same way as in Example 

17. 

Although the tendency of the change in time course is similar to Fig. 1 , the stabilized NOx conversion is more than 
70%: higher than in Fig. 1 . That is, even in the case of Ni-Co-BEA(6), on which higher NOx conversion is observed due 

40 to larger amount of exchanged Co ion enabled by lower Si02/Al203 ratio of BEA zeolite than Ni-Co-BEA(I). high NOx 
reduction selectivity and durability in the presence of water vapor, SOx etc., are obtained by Ni addition. 

As described above, the catalyst according to the present invention is based on Co-BEA, which has high activity 
and durability at low temperature in an actual exhaust gas atmosphere containing water vapor and other substances 
obstructive to catalytic reaction. When the second metal is selected from among Ca, Sr, Ba, La, Mn, Ag and In, since 

45 the second metal added to the catalyst promotes the oxidation activity moderately without impairing the catalytic selec- 
tivity for NOx reduction, high NOx conversion is attained at even lower temperature. When the second metal is selected 
from among Ca, Sr, Ba and Mn f NOx adsorption on the catalyst is promoted, so that the catalyst provides high NOx 
conversion at low temperature, even at low NOx concentration. When Ni is added, since the catalyst of the present 
invention provides improved selectivity for NOx reduction due to Ni loading, it attains high NOx conversion in an actual 

so exhaust containing obstructive substances, such as water vapor and SOx, even under the condition with low concen- 
tration of effective hydrocarbons. 

Claims 

55 1. A catalyst for reducing nitrogen oxides by hydrocarbons in an oxygen-rich atmosphere, comprising BEA zeolite 
which is ion-exchanged with Co to have a Co/AJ ratio between 0.2 and 0.6 and is loaded with at least one metal 
selected from among Ca, Sr, Ba. La, Mn, Ag, In and Ni. 
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2. The catalyst according to claim 1 wherein the BEA zeolite which is first ion-exchanged with Co and subsequently 
is loaded by impregnation with at least one metal selected from among Ca, Sr, Ba, La, Mn, Ag, In and Ni. 

3. The catalyst according to claim 2 wherein the BEA zeolite has an Si0 2 /Al 2 0 3 ratio between 10 and 100. 

5 

4. The catalyst according to claim 3 wherein the amount of the impregnated metal is 0.2 to 5 wt%. 

5. The catalyst according to claim 4 wherein the metal loaded after ion exchange with Co is Ni and the amount of Ni 
is 0.4 to 2wt%. 

10 

6. A process for reducing nitrogen oxides in exhaust gas containing hydrocarbons and an excessive amount of oxy- 
gen, comprising: using a catalyst consisting of BEA zeolite which is ion-exchanged with Co to have a Co/AI ratio 
between 0.2 and 0.6 and is loaded with at least one metal selected from among Ca, Sr, Ba, La, Mn, Ag, In and Ni. 

is 7. The NOx reduction process according to claim 6 wherein the catalyst consists of BEA zeolite with an Si0 2 /Al 2 0 3 
ratio between 10 and 100 which is loaded by impregnation with at least one metal selected from among Ca, Sr, Ba, 
La, Mn, Ag, in and Ni by 0.2 to 5 wt%, following the ion exchange with Co. 

8. The NOx reduction process according to claim 7 wherein 90% or more of hydrocarbons in terms of methane con- 
20 tained in the exhaust gas have four or smaller number of carbons. 
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CO 



t>0 




CD 



(%) U0|SJ9AU00 
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(%) UOISJ9AUO0 
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